by the two-box model [e.g., Broecker and Peng, 1982] , and this value has been widely used. However, recent observations provide an estimate of the rain ratio to be a much smaller value of 0.11 to approximately 0.03 ]. We will show that the value of the rain ratio should be 0.08 to approximately 0.10.
As shown by Yamanaka [1995] , the effect of dissolved organic matter (DOM) on the carbon cycle is limited to the surface layer, roughly above the depth of 400m, and the effect of DOM on the distribution of the chemical tracers in the deeper layer below 400m is much weaker than that of POM. We will not treat DOM in this study, because DOM hardly affects the global phosphate distribution, especially in the deep layer. The role of dissolved organic matter in the oceanic carbon cycle is still controversial [Siegenthaler and Sarmiento, 1993 ].
In the next section, the model developed in this study will be described. In section 3, the vertical transport due to the biological pump is discussed by using a simpie model. We will show that the smaller value of the rain ratio is obtained by taking into account the depths at which POM and calcite are remineralized.
In section 4, the distributions of tracers are obtained for the model with the observed vertical profile of POM flux, and the appropriate rain ratio is presented. In section 5, the case studies changing the bioproduction efficiency, the vertical profile of POM flux, the rain ratio, and calcite flux are made, and the role of these parameters in the carbon cycle is discussed. In the final section, the results are summarized.
Model
We develop an ocean biogeochemical general circulation model, which is basically similar to the model of Bacastow and Maier- Reimer [1990] . The model is driven by the wind stress and buoyancy forcing at the sea surface. The wind stress used in our model is taken from the annual mean data set of Hellerman and Rosenstein [1983] . As for the buoyancy forcing, temperature and salinity at the sea surface level are restored to the reference values taken from the annually averaged data sets of Levitus [1982] . However, since the North Atlantic Deep Water (NADW) becomes weak under the annual mean condition of the sea surface temperature, we take a reference temperature which is 4K cooler than the annual mean condition at 60øN (this corresponds to the midwinter condition) and decreases linearly from 50øN to 60øN. As a result, we obtained the transport of NADW comparable with the observation (see section 4).
Initial conditions are no motion and horizontally uniform distributions of temperature and salinity. After carrying out the time integration for 10,000 years, we obtain flow fields and distributions of temperature and salinity which can be regarded as a steady state.
Biogeochemical General Circulation Model
Prognostic variables and mass conservation. Prognostic variables in our B-GCM are concentrations of atmospheric CO2, oceanic total CO2, alkalinity, phosphate, and dissolved oxygen. Concentrations of these tracers are calculated as the forms normalized by salinity of 35 practical salinity unit (psu). The fact that the mixing process of CO2 in the atmosphere is much faster than that in the ocean allows the atmosphere to be treated as one box.
Carbon 13 is treated as an individual tracer, and hence laCO2 in the atmosphere and total laCO2 in the ocean are also prognostic variables. Although 14C is not dealt with as an individual tracer, we consider it in the form of A14C according to the method of To99weiler et al. [1989] .
As will be described, sedimentation processes and river input due to the continental weathering are not included in our model. Therefore, the total amounts of 12C and laC are conserved in the atmosphere-ocean system. Similarly, the total amounts of phosphate and alkalinity are conserved in the ocean. The partial pressure of carbon dioxide in the atmosphere is not locally in equilibrium with that in the ocean. Therefore, we do not consider an equilibrium fractionation factor but consider one-way fractionation factors for carbon exchange from the ocean to the atmosphere and from the atmosphere to the ocean as functions of temperature and concentrations of carbon dioxide, bicarbonate ion, and carbonate ion. The details of treatments of fractionation process of carbon isotope through the gas exchange are described in the appendix.
The Composition of POM is assumed to follow the classical Redfield ratio, P-N. C'-O2 -1' 16' 106' 138.
As will be discussed in section 3, the value of the rain ratio R, a ratio of production rate of calcite to that of POC, is assumed to be 0.08 in the control case, which Sarmiento [1994] . The remineralization ratio of calcite against total carbon is 15% at the depth of 1000m and The partial pressure of atmospheric CO2 is assumed to be the preindustrial value of 280/•atm. The amount of laC is also assumed to be the preindustrial value, which is equivalent to 5•3C= -6.5•oo in the atmosphere and 513C= 0.4700 in the ocean [Kroopnick, 1985] . Dissolved oxygen is assumed to be 200 ttmol/kg.
We performed 28 case studies. Parameters and resuits in these cases are listed in Table 1 . We obtain the distribution of tracers for each case, after carrying out the time integration for the 3000 years, which is considered to be long enough for achieving a steady state.
Biological Pump
Before showing the numerical results, we discuss the vertical transport of biogenic particulates such as POM and calcite. This is generally called the biological pump.
Strength of Biological Pump
An efficiency of vertical transport due to the biological pump is determined not only by the export production but also by the depth where biogenic particulates are effectively remineralized. In other words, this efficiency depends on the amount of particulate produced by biological activity and also on the effective length of vertical transport.
We define the strength of biological pump I, which is an index for the efficiency of vertical transport, as 
The strength of biological pump is proportional to the difference of concentrations between the surface and the deep layer. This means that the difference in concentration depends not only on the export production but also on the depth where biogenic particulate matter is remineralized. Note that the export production must be large to keep the same difference, when the averaged remineralization depth is shallow. The large export production must be balanced by large vertical diffusion, as the biological pump with a shallow remineralization depth makes a steep vertical gradient of concentration.
Although the effects of vertical advection and horizontal diffusion/advection are not considered in the above discussion, this expression will be appropriate for the real ocean, as discussed in section 5.
Rain Ratio
The Only when the average remineralization depth of calcite is equal to that of POC, the rain ratio is 0ß25ß However, Lcalcite : Lpoc is an unrealistic assumption, because Lcalcite is at least two or three times deeper than Lpoc ß Therefore, the rain ratio R is < 0.12 at mostß Since Lpoc in the control case is estimated to be 680m and Lcalcite is estimated to be 2820m, the rain ratio is expected to be about 0.06, which is much smaller than the value of 0.25 estimated by the widely used two-box model. Bacastow and Maier- Reimer [1990] used the rain ratio of 0.15. This is probably because their POC flux was assumed to be remineralized at the depths deeper than those estimated from the observed POC flux.
For application of this result to the real ocean, we must note the following two points. First, the two-box model is too simple to be directly applied to the real ocean. The effect of solubility pump which tends to underestimate the rain ratio is ignored in the discussion above. Also, the complexity of real ocean circulation may increase uncertainty of the estimation of the rain ratio in the two-box model. However, the most reasonable estimate from our B-GCM in section 5 yields R -0.06 • 0.08, which is slightly different from R estimated in the two-box model. Second, the sedimentation and the river input processes are not included in our model. At first glance, one might consider that, even when we take into account these processes, the total amount of tracers in the ocean is conserved in a steady state, as the river input rate is balanced with the sedimentation rate. However, since the production rate of calcite is balanced with its remineralization rate (which is included in our model) and its sedimentation rate (which is not included), the production rate of calcite obtained in our model should be underestimated. Thus we must include the contribution of calcite sedimentation to the rain ratio in order to apply our model to the real ocean. The sedimentation rate of calcite is estimated to be 0.2 Gt/yr for the world ocean [Sundquist, 1985] . With the export production of 9.9 Gt/yr estimated in our model, this is equivalent to the rain ratio of 0.02. This must be added to the value of 0.06 to approximately 0.08 which is obtained from our B-GCM. In the Pacific, the inflow below the depth of 2km is 6Sv. This is considered to be slightly smaller than the real ocean, as the meridional contrast of A14C in the deep water is stronger than the GEOSECS observation, which will be discussed later. The Ekman circulation, a meridional circulation driven by wind stress, is limited to the layer above the depth of 500m.
Distributions of temperature along GEOSECS sec- is roughly considered to be the mirror image of the distribution of phosphate as these distributions are determined mainly by the vertical transport of POC although there is an effect of gas exchange on 6•aC. The atmospheric/5•aC becomes -6.60•oo , which is consistent to the preindustrial value [Kroopnick, 1985] .
Horizontal Distribution of ApCO2
The partial pressure of CO2 in the atmosphere is 299patm. Figure 14 shows the distribution of ApCO2 which represents the difference in partial pressure of CO2 between the atmosphere and the ocean. 
Discussion
To extend an ocean general circulation model to include biogeochemical processes, we must introduce many biogeochemical parameters. Although these processes appear to be complicated, distributions of biogeochemical tracers are determined mainly by the following four parameters: the exponent of vertical profile of POM flux a, the bioproduction efficiency r, the eholding length scale of calcite flux d, and the rain ratio R. In this section we will discuss about these parameters.
Case Studies for Various Vertical

Profiles of POM Flux
We study an effect of change in the prescribed profile of POM flux. We calculate the following 10 cases: a --0.9 (POM control profile; experiment 1, 6 through Figure 17) , the export production decreases with an increase of the average remineralization depth. As was discussed by using the two-box model in section 3, the difference in total CO2 concentration between the surface and the deep layer depends on both the export production and the remineralization depth. Thus, equation (7) roughly holds also on the B-GCM. The export production for the POM shallow profile rapidly increases with a decrease of the atmospheric CO2 level, because the phosphate concentration under the highproductivity area increases due to the nutrient trapping. The value of the export production is automatically determined from the optimal estimates of a and r. The export production consistent wi•h the observed distribution of phosphate is estimated to be about 10GtC/yr (when we include DOC in our model, it is estimated to be about 9GtC/yr [Yamanaka, 1995] ). This value is within the observed estimates which range from 3.4 to approximately 7.4GtC/yr [Eppley, 1989] In the following discussion, we assume •aR--laC/C •-•aC/12C, which is considered to be a good approximation [Keeling, 1981] . 
